In this study, three-ply Al/Mg/Al composite plates were successfully achieved by vertical explosive welding (EXW) method. After EXW, the sound joints were obtained. Then thin three-ply Al/Mg/Al EXWed composite plates with the thickness of 1.78 mm were achieved by hot rolling. The influence of annealing on the interface microstructures and mechanical properties of the thin composite plates was investigated. The results indicated that different morphology with big waveform and mini waveform was present in the explosively bonded interface. The interface shear strength was 91MPa for big waveform side and 92Mpa for mini waveform side. The rolled sample without annealing possessed the high ultimate tensile strength (UTS) value of 235Mpa and elongation of 8.5%. The equiaxed and homogeneous grain morphology of magnesium alloys in the thin three-ply Al/Mg/Al composite plates could be induced by annealing 300°C for 1 h. This contributed to the considerable increase of elongation by 18.5%.
Introduction
With an increasing demand of particularity and multifunctionality of materials, the hybrid materials which could achieve the combination of merits of two or more materials have been paid wide attention 1 . In the fabricating process of hybridization, a large amount of effective structures such as fibre composites 2 , foams 3 , lattice structures 4 and multilayered structures 5 have been achieved. Among them, multilayered structures are regarded as the simple and low cost-effective approach for hybrid materials designing.
Metal composite plates which consist of two or more dissimilar metallic alloys is a vital type of multilayered structures. Comparing with monolayer plates, the metal composite plates possess special capabilities such as corrosionresistance, high mechanical and thermal properties, et al. From now on, the fabrication of metal composites has been carried out through numerous kinds of processes such as EXW [6] [7] [8] [9] , diffusion bonding 10, 11 , fusion welding 12 , resistance seam cladding 13 and roll bonding [14] [15] [16] [17] . Due to considerable advantages such as high bond strength, EXW is becoming an increasingly popular method of joining. Findik 9 has given a detail summary of the development of EXW. As a solid-state welding technique, the generation and growth of intermetallic compound (IMC) layers at interface could be effectively depressed by EXW process. Kahraman et al. 18 showed no indication of any crack separation and tear at interface in Ti-6Al-4V/Al explosively welded composite plates. The choice of metallic alloys is crucial to the ideal metal composites by EXW. Due to the advantages of ultra-low density and high specific strength, magnesium alloys are applied in automotive, aerospace and household appliances. However, the deformation of most of magnesium alloys is coordinated by activation of twinning and slip only on basal planes at room temperature 19 . In addition, magnesium alloys are easily corroded through the formation of galvanic corrosion due to their highly negative standard electrode potential 20 . So there are two intrinsic drawbacks, poor formability and poor corrosion resistance at room temperature, which restrict the applications of magnesium alloys. In order to widen the application of magnesium alloys, it is necessary to fabricate the composites by cladding magnesium alloys with other alloys which possess good formability and corrosion resistance. These structures enable combinations of selective properties such as good formability, high strength and good corrosion from the constituent metallic alloys. Comparing with many metallic alloys that can act as cladding materials, like copper 21 , titanium 22 and stainless steel 17 , lightweight aluminum alloys with good corrosion resistance have been widely taken into consideration 23, 24 . In this regard, the EXW process could fabricate Al/Mg composites with the advantage of combination of corrosion-resistance and high specific strength. Yan et al. 25 showed that the shear strength of AZ31B/7075 composite plates was approximately 70MPa and the maximum bending 7 revealed that the Al/Mg composite plates bonded well due to the formation of thin diffusion layer. However, the EXW for fabrication of thin composite plates is not merely challengeable but expensive. The roll-bonding process is the most widely used technique owing to the cost-effective continuous fabrication on thin composite plates 24 . Wang et al. 8 investigated the influence of hot rolling on the interface microstructures and mechanical properties of explosively welded Mg/Al composite plates, which indicated that hot rolling conduced to improve the tensile strength and elongation of composite plates. Therefore, in order to achieve thin composite plates with high bonding strength and considerable plasticity, combination of EXW and roll-bonding is feasible.
Up to now, most studies on Al/Mg composite plates fabricated by EXW process have been focused on two-ply composite plates. Few studies on three-ply explosive-welded Al/Mg/Al composite plates with better corrosion resistance were reported 24 . Additionally, a parallel layers arrangement was commonly used for experimental setup of EXW process, which leads to heterogeneous plastic deformation at top and bottom interface. In this paper, the vertical EXW for the fabrication of three-ply Al/Mg/Al composite plates was applied to obtain relatively uniform structures. Besides, the process of EXW which was conducted in the sinkhole is highly in safety. Subsequently, the thin Al/Mg/Al composite plates with high bonding strength and better plasticity were fabricated by the process of EXW united with hot rolling. Furthermore, annealing was performed to achieve good combination of interface microstructures and mechanical properties of the thin EXWed-rolled composites.
Experimental
In this study, aluminum (AA6061)/magnesium (AZ31B)/ aluminum (AA6061) composite plates were fabricated by EXW in one stage. The vertical plate cladding arrangement in sinkhole was used as shown in Figure 1 .
The magnesium plates and aluminum plates were vertically placed in Al/Mg/Al in the willow fixture by order. The dimensions of AZ31B and AA6061 plates used in this study were 600 mm×300 mm×10 mm and 650 mm×350 mm×2 mm, respectively. The chemical compositions of the materials used are given in Table 1 . The AMATOL powder was used as explosive with a velocity of detonation equal to 2500 m/s and density equal to 800 kg/m 3 .
In order to observe and analyze the interface microstructures, the transverse cross sections of three-ply composite plates were cut parallel to the propagation direction of the detonating wave after EXW. The interface morphology was performed by a Tescan Mira 3 field emission scanning electron microscopy (SEM). The X-ray diffraction study was performed with a Rigaku Model Ultima IV X-ray diffractometer. Microstructures were observed by a Leica 2700M optical microscope (OM). The shear specimen was machined by a wire cut electric discharge machine along the explosive direction based on the GB/T6396-2008. The schematic diagram of shear test is shown in Figure 2 . The shear area was fixed as 10 mm×10 mm and the shear test were carried out at room temperature with speed of 0.5 mm/min by using an electronic universal testing machine (mode ZWICK-Z020). The shear stress, τ, is obtained from the formula, as follows: (1) where a and b are the width and height of shear interface, respectively. They are assigned the same value of 10 mm.
The hot rolling sample with the dimensions of 30×70 mm 2 was heated at 400°C for five minutes primarily and then rolled with the reduction of 30% per step. Annealing was performed at 200°C, 300°C and 400°C for 1 h and 2 h. Then the metallographic samples were prepared along the direction perpendicular to the rolling direction. The thickness of diffusion layer of the rolled samples under various annealing conditions was measured by the energy dispersive spectroscope (EDS). Moreover, the tensile experiments were performed. Dog-bone-shaped tensile specimens with a gage length of 10 mm were cut from the roll-bonded composite plates along rolling direction. The schematic of tensile specimen is given in Figure 3 . The tensile tests were performed on universal material testing machine with a nominal strain rate of 10
at room temperature. The tensile fracture morphology was observed by SEM equipped with an EDS.
Results and Discussion

Characterization of bonding interface
Different morphology with big waveform and mini waveform is present in the explosively bonded interface without cracks and localized melting as shown in Figure  4a and c. The formation of wavy morphology is deemed as one of the indicators of sound joints 26 . Vaidyanathan et al. 27 have explained that the formation of wavy morphology should be created to obtain optimum weld strength and mechanical interlocking. Cheng et al. 28 attributed the wave ab P x = Zhang et al. 7 reported similar results that the thin diffusion layer was formed in the Al/Mg composites.
The results of X-ray diffraction at both interfaces are shown in Figure 5 , which clearly pointed that the peaks of IMC phases were not detected indicating that there was no or a small amount of IMC generation at the bonding interface. Generally speaking, the prompt welding is characteristic of the EXW, and the welding between two metals is achieved in about 10 -6 s. Therefore, there is not enough time to form IMC at the bonding interface. Chen et al. 29 analyzed the bonding interfaces of Al/Mg EXWed composites using the transmission electron microscopy. The results indicated that the diffusion layer with the thickness of approximately 3 µm was formed and no any trace of IMC was detected in the bonding interface. Yan et al. 25 also reported the similar results that the sound joint was obtained and no IMC was observed in the bonding interface of Al/Mg composites.
Microstructure of constituent AZ31B of three-ply Al/Mg/Al composite plates after explosive welding
Optical micrographs of the Al/Mg/Al composite plates on AZ31B magnesium alloy side after EXW are given in Figure 6 . It can be seen that the adiabatic shear bands (ASB) near the interface appears inclined about 45 ° to the explosive direction from Figure 6a and b. They originated from the interface and disappeared in the AZ31B magnesium alloy. The explosive could produce a circumstance of high temperature, high pressure and high strain rate near the collision point, which led to an adiabatic process. Then, ASB came into being. The same phenomenon was exhibited in the work of Zhang et al. 30 This work indicated that stress waves were appeared owing to high energy accumulation induced the formation of ASB. Due to the drastic drop in temperature, however, the AZ31B magnesium alloys far away from the bonding interface were merely subjected to the high strain rate, which could induce the plastic deformation of Mg alloys by the activation of slip and twining. As shown in Figure  6c , numerous twins were observed. Twinning is known to play a key role in the plastic deformation of magnesium alloys, which could alter the orientation of original grain, release the residual stress, reduce the nucleation of crack and influence the activation of slip systems. Hence, as a coordinating plastic deformation mechanism, twinning ensured the integrity of magnesium alloys plates under the high strain rate in the explosive process and contributed to the formation of bonding interface. morphology to high interface shear-rate deformation or a shear plastic flow instability between two components. Figure 4b and d presents the enlarged micrographs of the interfaces. The thickness of diffusion layer was approximately 2.1 µm for the big waveform side and 3.8 µm for the mini waveform side indicating that elemental diffusion occurred at both sides. Besides, no any trace of IMC was observed macroscopically. Chen et al. 29 indicated that a jet was formed in the circumstance of high temperature and pressure near the collision point penetrated the bonding interface and then the thin diffusion layer of interdiffusion with Al and Mg elements was promoted. Findik et al. 9 reported that the EXW used explosive force to create an electron-sharing metallurgical bonding between two metal components, which was deemed as a solid-state metal joining process.
Evaluation of interface bonding strength of explosively welded composite plates
In order to evaluate interface bonding strength of the three-ply composite plates fabricated by the EXW, the shear tests were conducted on the bonding interfaces of big waveform side and mini waveform side, respectively. The results indicated that shear strength of both sides shared similar values, which was 91MPa for big waveform side and 92MPa for mini waveform side. Comparing with the shear strength of Al/Mg composite plates fabricated by other methods such as diffusion welding 31, 32 and hot rolling 33 , the bonding interfaces of three-ply Al/Mg/Al composite plates fabricated by EXW shared considerable shear strength. Yan et al. 25 exhibited that the shear strength of AZ31B/7075 composite plates was approximately 70MPa in the explosive welding process with a parallel layers arrangement. By comparison, the bonding interfaces of three-ply Al/Mg/Al composite plates in this study possessed higher bonding strength, which means that the vertical EXW process is feasible.
The influence of hot rolling and annealing
on the interface microstructures of the composite plates Figure 7 exhibits the interface microstructure of magnesium alloys in the rolled sample under various annealing conditions. Figure 7a is the microstructure of magnesium alloys in the rolled sample without annealing. It shows the typical nonuniform bimodal microstructure, fine grain sharing the submicrometer dimensions in comparison with the largest elongated grain with the size of 29.2 µm, indicating nonuniform deformation during hot rolling process. Figure 7b is the OM images of the middle zone of Mg alloys obtained from rolled sample without annealing. Due to incomplete dynamic recrystallization in the process of hot rolling, a certain amount of fine recrystallization structure appeared. and equiaxed grain due to static recovery process and the microstructure became accessibly homogenized. However, increasing annealing temperature could induce the rapid growth of grain as shown in Figure 7e . This implies that annealing temperature plays a key role in affecting the growth of magnesium alloy grain. The quantitative relationship between the grain size and heat treatment temperature are given in Figure 7f . It shows the grain size approximately obeys normal distribution and that the grain size increased with the increase of annealing temperature. The average grain size of Mg alloys annealing at 300°C for 1 h increased to 6.5 µm whereas the counterpart of Mg alloys annealing at 200°C for 1 h is 5.3 µm. Besides, the grain size distribution of 300°C / 1 h is more homogenous. Furthermore, rapid increment of grain size occurred after annealing at 400°C for 1 h and the grain size distribution is disperse. The results indicated that the equiaxed and homogeneous grain morphology of magnesium alloys in the rolled samples was successfully induced by annealing 300°C for 1 h. Figure 8a is the thickness of diffusion layer of rolled composite plates under various annealing conditions. The thickness of diffusion layer was measured by the EDS. With the temperature and holding time increasing, the thickness of diffusion layer increased. However, the thickness of diffusion layer had no significant change with the increase of holding time at 200°C annealing condition. Then, as holding time increased from 1h to 2h, the thickness of diffusion layer only slightly increased to about 5 µm at 300°C. However, under 400°C annealing condition the increase rate of thickness of diffusion layer increased rapidly with increase of holding time. Luo et al. 34 reported the similar phenomenon showing that the annealing temperature played a major role to increase the thickness of diffusion layer. The interdiffusion coefficient could be determined by the Arrhenius equation 15 ,
where K 0 is the frequency factor (m 2 /s), E is the activation energy (J/mol), R(8.314 J/mol K) is the gas constant and T is the absolute temperature in Kelvin (K). It is seen that the interdiffusion coefficient increases with the increase of annealing temperature. This results in the increase of thickness of diffusion layer. The square of thickness of diffusion layer is linear with heat-treatment time for a multiphase diffusion layer 15 , which can be described as, (3) where y is the thickness of diffusion layer, K is the interdiffusion coefficient which is mentioned above, t is the heat-treatment time. By substituting the expression of K in the formula (2) into the equation (3), the function of the thickness of diffusion layer with annealing temperature and heat-treatment time is obtained, it can be described as, (4) The formula (4) shows the change law between the thickness of diffusion layer and the heat-treatment temperature and time. The square of thickness of diffusion layer exponentially increases when annealing temperature increases. Moreover, the square of thickness of diffusion layer is linear with heattreatment time. This indicates that the annealing temperature produces effect on the thickness of diffusion layer is greater than holding time, which could explain why the thickness of diffusion layer increased rapidly with increase of annealing temperature, as shown in Figure 8a . Figure 8b exhibits the interface morphology of rolled sample annealing at 400°C for 1h. The interface presented two distinct diffusion layers and the thickness of two diffusion layers was significantly different. The elemental composition of two layers was measured by EDS. The results indicated that the layer close to the side of Mg alloys was Mg 17 Al 12 layer after annealing at 400°C for 1h, as shown in Figure 8b .
Mechanical properties of composite plates
annealed at different conditions Figure 9 displays the engineering stress-strain curves of composite plates at different states and their tensile properties are shown in Figure10. The rolled sample without annealing shared the high UTS value of 235MPa. Stress state of the samples between the rolled and the explosive-welded is different, namely the rolled sample is in tensile mode and the explosive-welded sample is in shear mode. Based on the difference of loading mode, it can be assumed that shear strength is equivalent to 1 3 of tensile strength for the same material 25, 36 . Therefore, it can be concluded that the hot rolling further improved the bonding strength of composite plates compared with explosive welding. As shown in Figure 10 , the UTS of rolled sample without annealing reached a maximum due to dynamic recrystallization and the increase of interfacial bonding strength arising from the onset of diffusion
15
. However, the elongation of rolled sample without annealing was only 8.5%. In order to obtain good combination of relatively high plasticity and tensile strength, proper annealing is necessary. With the increase of annealing temperature, the elongation firstly increased from 200°C to 300°C, reached a maximum value of 18.5% at 300°C, then decreased from 300°C to 400°C. The initial increase in elongation was attributed to softening effect which is caused by recovery and recrystallization. Considering the formability of thick Mg alloys is less than that of the thin Al alloys, the microstructures of Mg alloys have to be analyzed. Under 300°C annealing condition, the homogeneous microscopic morphology of Mg alloys was obtained, which was attributed to relatively homogeneous recrystallization. This conduced to the improvement of elongation. The subsequent decrease in the elongation may be attributed to interfacial debonding due to the rapid increment of diffusion layer which presented two distinct layers including Al 3 Mg 2 layer and Mg 17 Al 12 layer clearly, as shown in Figure 8 . This could be confirmed by the tendency of sudden change of stress-strain curve at 400°C for 1h. Lee et al. 17 reported that the diffusion layer exceeding a certain size affected plasticity of composites with a negative manner. Macwan et al. 15 indicated that softening effect in the Mg and Al alloys by proper annealing at 300 °C conduced to improve the elongation of composites. Accordingly, the rolled composites possessed good combination of relatively high plasticity and tensile strength after annealing 300°C for 1h.
The fracture morphology of Mg alloys in the composites under different conditions was observed by SEM 17 . From Figure 11a , the rolled specimens without annealing exhibited the appearance of diminutive cleavage plane, tear ridge and a little cavity band, indicating that it is quasi-cleavage fracture.
Because of the refinement and homogeneity of grain, a large amount of deep equal-axis dimple can be observed in Figure  11b . This is also implied that the annealing condition of 300°C / 1 h is applicable. Figure 12 shows the interface fractography and EDS spectra from points marked A and B obtained from the rolled specimen annealed at 400°C for 2h. Layering phenomenon at Mg-Al interface after uniaxial tension occurred and numerous fragments was scattered over the interlamination. EDS spectra results indicated that these fragments obtained from the diffusion layer were Al 3 Mg 2 phase. Jafarian et al. 37 demonstrated the brittle IMC, Al 3 Mg 2 and Al 12 Mg 17 , were generated in the bonding interface and that the micro-hardness of Al 3 Mg 2 was obviously higher than that of its Al 12 Mg 17 counterpart. This is implied that Al 3 Mg 2 layer is deemed to play the part of the origin of interface delamination and the zone of crack initiation.
Conclusions
In this study, thin three-ply Al/Mg/Al composite plates were achieved successfully through the process of vertical EXW and hot rolling. The interface microstructure and mechanical properties of the explosive-weld three-ply Al/Mg/Al composite plates before and after hot rolling were evaluated. The influence of annealing on the interface microstructure and mechanical properties of the thin EXWed-rolled composites was investigated. The following conclusions were drawn.
1. The vertical explosive welding process in this study is feasible to fabricate the three-ply Al/Mg/ Al composite plates and the sound joints between Mg alloys and Al alloys was obtained. 2. The explosively bonded interface presented big waveform and mini waveform and the shear strength of both sides shared similar values, which was 91MPa for big waveform side and 92MPa for mini waveform side. 
